Abstract. We report on photothermal deflection spectroscopy (PDS) experiments for InGaAsllnP heterostructures. The apparatus is simple, yet sufficiently sensitive to register the heating by photon absorption for a single quantum well on a substrate with considerable thermal mass (thickness N 400 pm). The PDS measurement accounts for the non-radiative relaxation after optical excitation. The extent to which the spectral dependence of the PDS signal at room temperature follows the absorption spectrum allows an estimation of the fraction of non-radiative processes. The large dynamic range of PDS and the ease of calibration of the signal permit one to measure quantum well absorption in the proper units.
Introduction
Optical characterisation of quantum well (QW) heterostructures is usually made by photoluminescence (PL) or photoluminescence excitation spectroscopy (PLE). Both of these account for the radiative relaxation processes that dominate at low temperatures. Measurements based on the complementary process, namely non-radiative relaxation, can also be used. Several such sensitive photothermal techniques have been developed in the last decade. One of these is photothermal deflection spectroscopy (PDS) proposed by Boccara et a1 [l] . It has the advantage of being a contactless and easily implemented measurement at room temperature. The principle of this method is explained by Jackson et a1 in [2] . PDS has traditionally been used for investigations of the subband gap absorption in thin amorphous semiconductor films. The limiting sensitivity of a PDS measurement is typically of the order of ad N lo-' [3] , where a is the absorption coefficient and d the thickness of the absorbing layer. Assuming a N lo4 cm", as for band-toband absorption in crystalline semiconductors, this sensitivity is more than sufficient to record an optical absorption signal even in the thinnest single quantum well (SQW), provided that there is some non-radiative recombination. An essential requirement for PDS is that the optically induced heating of barrier and substrate material is lower than that of the SQW at relevant wavelengths. Therefore the method is applicable to all QW structures either on transparent substrate or after the removal of the substrate.
Penna We have demonstrated in a previous publication [ S ] that a simple lamp-monochromator source provides sufficient signal and a wide spectral capability. At room temperature, the energy resolution of this arrangement allows satisfactory identification of relevant features of the QW absorption spectrum.
The present work gives detailed results and examines additional aspects of the PDS measurement on InGaAs/ InP heterostructures. Doped and undoped samples of various well widths have been studied. The PDS measurement is used to determine subband energies, level widths caused by interface roughness, and carrier densities in the well. We show that the fraction of non-radiative relaxation processes can be estimated. When the latter dominates, as for the present samples at T N 300 K, the PDS measurement gives values of the optical absorption strength of the QW layer in absolute units. The experiments are very sensitive to the presence of defect states. PDS is thus well suited to detect strain relaxation in pseudo-morphically grown QW heterostructures.
Section 2 reviews the PDS principle. Section 3 of this paper deals with the experimental details. In section 4, we present the PDS results and relate them to subband physics and the sample characteristics.
The PDS prlnclple
PDS measures the non-radiative relaxation in a sample after absorption of an amplitude-modulated monochro-matic beam, which is called the pump beam. The resulting flux of heat into the adjoining medium generates a temperature gradient in the space close to the sample surface. This is accompanied by a gradient of the index of refraction Vn(r, t). The gradient deflects the probe beam in figure 1. The deflection angle cp of the beam can be analytically expressed [S] as
where S denotes the path along the probe beam, l is the typical length in the region of the gradient and no is the average index of refraction. For a homogeneously absorbing medium of thickness d and optical absorption constant a (assuming only non-radiative relaxation) the deflection angle cp is proportional to the absorbed power in the form
where P is the incident pump-beam power [7] . In the PDS mode employed here the absorbing layer is immersed in a deflecting medium with large thermal gradient dn/dT The signal is proportional to this factor for the PDS mode employed here. The periodic deflection of the probe beam caused by chopping the incident power is monitored by a position detector. The arrangement is known as transverse, grazing PDS (other modes are discussed in [S] ). The PDS spectrum represents the probe-beam displacement versus the photon energy of the pump beam. PDS is an excitation type of spectroscopy. It accounts for the non-radiative relaxation processes and is complementary to a PLE type of measurement which monitors the spectrally integrated luminescence. The sum of the heat generated and luminescence intensity together make up the total absorption from the incident beam.
Experimental notes
The apparatus used in the measurement of transverse PDS is shown in figure 2 . The pump beam is provided by either a xenon or a halogen lamp source. The light passes through a monochromator with sufficient resolution to suit the experiment at hand. For the present work the n Chopper I Figure 2 . Sketch of the transverse PDS set-up.
resolution is arranged to be 5 meV or less over the spectral range employed. The chopping frequency is 13
Hz. The pump-beam power is normalised using a reference detector with a flat response (pyroelectric detector). The probing beam is provided by an He-Ne laser ( T E M~~ mode), 5 mW, 632.8 nm) focused to a minimum waist diameter of -30 pm. CCl, is the deflecting medium. Beam deflection is recorded by a position-sensitive detector (Type 251, Silicon Detector Corp.). The typical sensitivity limit of ad = is reached in our measurements.
The QW samples are grown by low-pressure metalorganic chemical vapour deposition (LP MOVCD) on semiinsulating InP substrates with typical thickness -400 pm [S] . Table 1 gives relevant sample design characteristics. Carrier density is obtained from Shubnikov-de Haas measurements at low temperature [14] . Subband calculations for each of these structures are available and described elsewhere [g] . The energy values have been used to identify spectral features in terms of transitions.
The present apparatus, with minor modifications, can also be used to make measurements of the transmitted intensity ?: In this case the QW sample is placed in the beam and the transmission is recorded by the PDS signal from a totally absorbing object (a graphite plate).
As a final point, we mention that PDS signals have been shown to be linearly proportional to the heat generated in the absorbing sample over many orders of magnitude [3] . The large dynamic range of a PDS measurement makes it possible to directly relate the measured deflection to the spectral properties of the nonradiative relaxation.
PDS measurements on aw heterostructures

Radiative against non-radiative relaxation
A fundamentally interesting and timely question related to the optical response of QWS is the consideration of the Undoped --fractional energies going into the radiative and nonradiative relaxation channels. Insofar as the 111-V semiconductor heterostructures are intended for use in luminescent and lasing devices, it is important that a substantial fraction of the recombination energy of nonequilibrium carriers goes into band-gap light rather than heat. The PDS experiment measures that fraction converted to heat. Non-radiative recombination via deep level defects takes place according to Shockley-ReadHall statistics with characteristic dependences on temperature, level energy and density of defect states. Such recombination processes and therefore the heating are expected to be important at 300 K. They will differ substantially with the quality of the QW material and its interfaces to the barrier layers.
We provide a quantitative estimate of the non-radiative fraction by making a careful spectral comparison of the PDS signal, which is pure heating, to the transmission spectrum T The quantity 1 -IT; as measured with the carbon absorber, is that fraction of the light energy not transmitted. It contains both thermal relaxation and energy scattered out of the beam by luminescent processes. The influence of reflection at the sample surface has to be considered in both spectra.
The point to remember is that optical excitation of the quantum well states involves the creation of hot electrons and holes in the 2D subbands. It is well known that intra-subband relaxation proceeds mainly by phonon emission (a thermal process) until the carriers reach the k = 0 minimum energy. Recombination can occur via excitonic luminescence at k = 0, or by a nonradiative Shockley-Read-Hall mechanism. The PDS spectrum for the case of 100% luminescence at the subband-to-subband excitation edge will not show a signal typical at the onset, because no heat is produced. It will rise above the edge with a slope relating to the nonradiative fraction but there will be no steplike onset. The quantity 1 -T will necessarily follow a different spectral dependence. The two measurements, PDS and 1 -T , can only be identical if 100 % of the energy relaxes in the form of heat. It follows that a comparison of the two spectra gives the desired quantitative estimate.
In figure 3 is shown the spectral variation of 1 -T , superposed on the PDS signal. The reflected intensity at the boundary with the thermal medium CCl, is small ( 15 %) and essentially constant over the interesting spectral range until absorption signals saturate at energies well below the gap energy of the substrate. It follows that 1 -T is proportional to the total intensity lost from the pump beam. At the gap energy itself the reflected intensity increases due to the high absorption coefficient and reduces the PDS signal. The PDS and 1 -T curves are adjusted to fit each other in the limit of the strong InP absorption below the edge at 1.3 eV. At the low-energy end of the spectrum the PDS signal vanishes in the same way as 1 -T. The extent to which the two curves in figure 3 coincide over the remaining spectral range allows one to estimate the fraction of non-radiative processes. In figure 3 the edge absorption near 0.8 eV, the rising part over the range to 1.3 eV as well as detailed features of the spectrum agree so closely that we estimate at least 90%, and probably close to loo%, of the energy absorbed is thermally dissipated. It follows that within this limit of accuracy PDS at 300 K can be considered as an absorption type of spectroscopy.
Quantitative absorption measurements
PDS provides a simple and straightforward calibration if, as in the discussion above, it is proved that non-radiative relaxation dominates. For that case, the saturating signal above 1.3 eV in figure 4 represents a 100% absorption strength. For relative absorption in the range the small-signal limit, in which 1 -exp( -ad) can be approximated as ad, applies. For quantum well structures, the absorption strength does not scale with d. Matrix elements of quantum well states depend on the specifics of barrier heights and wavefunction penetration. It follows that the absorption value of 1.4% for a single Qw at the edge of SQW 421 in figure 4 must be considered as specific for this structure. Scaled in terms of the nominal well width of 15.0 nm, we calculate an effective a of 0.9 x lo4 cm-l. The position of the e,h, transition is marked according to the calculations in [S] .
In figure 4 is also shown the subband gap absorption for the substrate material. In this case the quantum well . 110-~
Figure 4m
The absorption Of a single QW in with Figure 6 , Logarithmic PDS spectra of doped and undoped the substrate itself for which the CL scale applies.
saws. The Fermi occupation of the doped aw is obvious.
layers have been etched off and the absorption signal is that of the -400 pm thick substrate. The curve has been fit in the near-gap range using optical constants from the literature (with c1 3 1 cm-l) [lo] . In this way, the a scale on the right-hand side has been derived. The measured substrate absorption is specific for the defects, impurities and surface preparation of the particular material.
Subband characteristics at 300 K from PDS measurements
In figure 5 we show on a linear scale the PDS signals for three QW samples with different thicknesses. The transition energies, calculated as in [S] and adjusted for the 300 K band gap value, are marked by arrows. Electronic levels are marked ei ( i = 1, 2, ...). Letters h and 1 refer to heavy and light holes respectively. The thicknesses are nominal values based on the growth parameter calibrations and not substantiated by specific measurements. The markings serve to identify peak features. They should not be used for an exacting comparison.
We note that with decreasing thickness a distinct peak structure emerges for the h,e, transition. This, as has been pointed out in the literature [l 1,121 , is evidence for the persistence of excitonic effects at 300 K. The fact that these are seen as a thermal signal shows that in spite of luminescence these relaxation processes are predominantly non-radiative.
The onset edges for the transitions h,e,, h,e, and h,e, are seen to broaden sucessively more. The data are best described in terms of an inhomogeneous broadening in which the well width varies statistically about the mean value [13] . The width of a Gaussian distribution necessary to fit corresponds to a width variation of two monolayers (three monolayers for SQW 421).
Figure 6 presents spectra of two SQWS, n-doped and undoped with the same nominal thickness. On the logarithmic scale it is seen that absorption at the first intersubband transition is masked in the modulation-doped sample in comparison to the undoped one. This behaviour can be explained by the presence of carriers. The states of the electronic subband are filled up and the Fermi distribution at 300 K governs the shape of the spectrum. The high effective mass of the heavy holes allows one to neglect the influence of the valence band with increasing k and the absorption spectrum follows the density of unoccupied states in the conduction subband. The characteristic slope is k,Tand the Fermi level can be marked at 785 meV (k, is the Boltzmann constant). The absorption is not totally blocked and the edge can be determined. As a consequence the number of occupied states can be integrated to determine the density of carriers in the well N , = 9.2 x 10" cm-, at 300 K. This result is in reasonable agreement with the lowtemperature value N , = 8.4 x 10" cm-, mentioned above.
Conclusions
We demonstrated a versatile tool for room-temperature characterisation of QW heterostructures. The principle is the detection of non-radiative processes after optical absorption. The experimental approach is known as PDS and has the advantages of being very sensitive to small absorption, contactless and easily implemented. We have shown subband analysis of an SQW in a broad energy range by means of the obtained spectra. The fraction of radiative relaxation has been considered and the absorption could be determined in proper units.
A systematic variation of the well width revealed the nm at 300 K. We find that they recombine non-radiati- Energy (eV) vely to a high extent. Finally we analysed the spectrum of an n-doped SQW to obtain the Fermi level and the density of carriers. The results are in reasonable concordance with low-temperature values.
